ABSTRACT As a low-complexity and energy-efficient multiple input multiple output (MIMO) technique, spatial modulation (SM) has received much interest recently. Combining SM with cooperative relaying, the performance of SM systems can be significantly improved. Considering joint transmit-receive-correlated Rayleigh channels, the error performance and power allocation (PA) of the amplify-and-forward (AF) relaying aided cooperative SM system are presented in this paper. Based on the moment generating function (MGF), the probability density function (PDF) of effective signal-to-noise ratio (SNR) is derived. With this PDF, a closed-form expression of the pairwise error probability (PEP) is obtained. Utilizing the obtained PEP and the union bound of bit error rate (BER), the approximate average BER expression is further derived, which will benefit the performance analysis of the system in spatially correlated channels. According to the asymptotical performance analysis at high SNR, an asymptotic BER expression is also derived. By minimizing this asymptotic BER, a suboptimal power allocation scheme is developed, and the closedform PA coefficients are attained. Besides, the diversity order of system is also analyzed and derived for the performance evaluation. Numerical results show that our theoretical analysis is valid, and can match the corresponding simulation well. Moreover, the proposed PA scheme can achieve superior BER performance over the conventional equal PA scheme since the powers are well allocated in terms of channel information.
I. INTRODUCTION
Spatial modulation (SM), which conveys information through the constellation symbol and the activated transmit antenna (TA) index simultaneously, is a promising multiple input multiple output (MIMO) technology for 5G wireless communications, and can provide high data rate. SM only activates single TA at each time slot while other TAs keep silent. As a result, SM can avoid the synchronization requirement of TAs and inter-channel interference (ICI). Moreover, spatial communication systems because of its simplicity and effectiveness. In AF relaying protocol, the relay firstly amplifies the signals transmitted by the source and then forwards it to the destination.
It is well known that the performance analysis is important for the communication system over fading channels, especially for the analysis and derivation on the system bit error rate (BER), because it is an important performance indicator when communicating over fading channels. By combining cooperative communication with SM technology, cooperative SM system can obtain superior performance. In recent years, the performances of cooperative SM and SSK have been investigated extensively [5] - [7] , [10] - [12] . In [5] - [7] , SSK has been applied to the cooperative communication systems. In [5] , the error performance of AF relaying aided cooperative SSK system was analyzed and the corresponding theoretical BER expression was derived for arbitrary number of TAs equipped at the source. On the basis of [5] , considering multiple AF relays, a relay selection scheme was proposed in [6] and it was shown that multiple relays can enhance the system performance. Besides, the error performance of the DF relaying assisted SSK system with selection combining was investigated and an accurate BER expression was derived when the source is equipped with two TAs [7] . However, the cooperative SSK system has limited date rate because it only uses the transmit antenna index to carry information and does not use the constellation modulation symbols in SSK scheme. Furthermore, to simplify the analysis, the above-mentioned literatures basically assumed that only single receive antenna is equipped at the destination node, hence the analytical results of these literatures cannot be applied to more general scenarios where the destination node is equipped with multiple receive antennas.
The performance of cooperative SM systems using different relaying protocols such as DF relaying and AF relaying were analyzed in [10] , [11] . Based on the maximumlikelihood (ML) detection, average BER expressions of cooperative SM systems were provided in [10] . The error performance for SM with multiple DF relays was studied in [11] , the asymptotic BER expression was derived for the performance analysis at high SNR. In [12] , BER performance of the multi-antenna cooperative SM system was investigated, all nodes in this system were equipped with multiple transmit and/or receive antennas, and the analytical BER expressions were derived. However, the above performance analysis is based on the spatially independent fading channel, and does not consider the transmit correlation and receive correlation. Whereas in practice, the transmit antennas and receive antennas may be correlated due to insufficient spacing, and do not operate in rich scattering environment. For these reasons, the performances of spatial modulation system were investigated over correlated Rayleigh fading channels with perfect and imperfect estimation in [13] and [14] respectively, and the theoretical BERs were derived for performance analysis, but the cooperative relaying is not considered. To the best of our knowledge, a comprehensive work on cooperative SM system with AF relaying over joint transmit-receivecorrelated channel has not been addressed yet, and solid theoretical derivation on average BER and power allocation are not given. Motivated by that, considering joint spatially correlated channels, the BER performance analysis for AF relaying assisted cooperative SM (AF-CSM) system is presented in this paper, and the corresponding theoretical BER expressions are derived. After that, an asymptotic BER expression for high SNR is also provided. Based on this asymptotic BER, the diversity gain of the AF-CSM system over spatially correlated channel is derived, and a power allocation (PA) scheme is developed to improve the system performance. According to the analysis above, the main contributions of this paper can be summarized as follows:
1) The performance of AF-CSM system over joint transmit-receive-correlated Rayleigh channels is analyzed. Based on the performance analysis, the moment generating function (MGF) of output effective SNR is derived. With the MGF, the theoretical pairwise error probability (PEP) of the system is also derived. Using these results and mathematical derivation, the average BER of the system is obtained. It is shown that the derived BER can agree well with the simulation result, which verifies the validity of the theoretical analysis. Thus, the system performance is effectively assessed. 2) With the approximate expressions of cumulative density function (CDF) and MGF of output SNRs, an asymptotic BER and the corresponding diversity order are further derived for high SNR. The results illustrate that a diversity order of N r +1 is obtained for the system with N r receive antennas at the destination. Moreover, the asymptotic BER can provide agreement with the corresponding simulation at high SNR. 3) According to the asymptotic performance analysis, a suboptimal PA scheme is proposed by minimizing the asymptotic BER under total power constraint, and closed-form PA coefficients are derived. Also, an optimal PA scheme is provided by one dimensional search method for comparison. When compared to the conventional equal PA scheme, the proposed PA scheme can obtain obvious performance enhancement since the channel information is well utilized. Moreover, the proposed suboptimal scheme has the performance very close to the optimal one.
H represent matrix and vector transpose and conjugate transpose, respectively. a ∼ CN (0, σ 2 I N ) denotes a complex Gaussian vector with zero-mean and covariance σ 2 I N . A ∈ C m×n represents a complex-valued matrix with dimensions m × n. Pr{·} denotes the probability of an event. E [·] indicates the expectation operation. · 2 F is the Frobenius norm. {·} stands for the real part of a complex value.
II. SYSTEM MODEL
As depicted in Fig 1, we consider a AF-CSM system over spatially correlated channel, and the system has a singleantenna relay, an N t -antenna source node and an N r -antenna VOLUME 7, 2019
pep
destination node. The SM technology is employed at the source node. According to the principles of SM, only single antenna is activated at each time slot with totally log 2 (MN t ) bits transmitted, in which log 2 N t bits are used to select the activated TA and log 2 M bits are mapped to the constellation symbols. Consequently, the transmitted SM signal can be represented as
T , where i denotes that the i-th TA is selected, and x q is the i-th entry of x iq and represents the q-th element of M -ary constellation diagram, for i ∈ {1, 2, . . . , N t } and q ∈ {1, 2, . . . M }.
With AF relaying protocol adopted, the signal transmission can be divided into two phases. In the first phase, a source transmits the SM signals to the destination and relay, the received signals at the relay and the destination can be respectively expressed as
In the second phase, based on AF strategy, the relay first amplifies the received signal at the first phase, i.e., y sr , and then transmits the amplified signal to the destination, then the observed signal at the destination can be expressed as
where P s is the transmit power of the source, and P r represents the transmit power of the relay. h sr ∈ C 1×N t , h rd ∈ C N r ×1 and H sd ∈ C N r ×N t are channel vectors and matrix, under the spatially correlated Rayleigh fading channels, this channel vectors and matrix can be described by Kronecker correlation model, such that h sr =ĥ sr R
and
t , the entries ofĥ sr ,ĥ rd andĤ sd are independent identically distributed (i.i.d) random variables, with CN (0, δ 2 sr ), CN (0, δ 2 rd ), and CN (0, δ 2 sd ), where
mn , m, n ∈ {s, r, d}, with d mn denotes the distance between nodes m and n, α denotes the path loss exponent. Besides, R t is an N t × N t transmit correlation matrix, and R d is an N r ×N r receive correlation matrix. The elements of the correlation matrices are respectively defined as
. . , N r }, where ρ t and ρ r are the transmit and receive correlation coefficients, respectively [15] . n sd and n rd are complex Gaussian noise vectors with n sd , n rd ∼ CN (0, N 0 I N r ) and n sr ∼ CN (0, N 0 ). The fixed amplification gain is set as A = P r /(P s δ 2 sr + N 0 ). Let n = Ah rd n sr + n rd , and its covariance matrix is given as n = (A 2 h rd h H rd + I N r )N 0 . After whiten processing, the received signal can be rewritten asỹ
Assuming that maximum likelihood (ML) detector is applied in the system, with (2) and (4), the detected signals can be given as [16] î , xq = arg min
whereî, xq are the estimated activated TA index and the estimated transmitted constellation symbol, respectively, and D j,m is the decision metric.
III. PERFORMANCE ANALYSIS OF AF-CSM SYSTEM WITH SPATIAL CORRELATIONS
In this section, considering spatially correlated Rayleigh fading channels, the performance analysis of AF-CSM system is presented. With the MGFs and PDFs of effective SNR, a closed-form BER expression is derived. Based on the ML principle in (5), the estimation for the transmitted symbol and the activated TA index is obtained by minimizing D j,m , which is expressed by (6) , is shown at the top of this page, where ω = A 2 h rd 2 F + 1. Thus, the conditional PEP is defined as (7), as shown at the top of this page. 
With it, (7) can be readily simplified as (8) , shown at the top of the previous page, where
, and the PDF of g is given by f G (g) = π N r det g −1 exp −g H −1 g g . Correspondingly, the covariance matrix of g can be written as [14] . Thus, the MGF of γ sd is derived as
where λ k , for k = 1, 2, . . . , N r represent the eigenvalues of
the MGF of γ rd is derived as
With (11), usng the inverse Laplace transformation, the PDF expression of γ rd can be attained as
In the same way, the MGF and CDF of γ sr are, respectively, given by
Using the PDF and CDF given by (12) and (14), the CDF of γ srd can be derived as
where K 1 (·) denotes the first order modified Bessel function of the second kind [17] . By means of Laplace transform, the MGF of γ srd can be calculated as
where W λ,µ (z) is the Whittaker function [17] .
With the conditional PEP obtained in (8) , the PEP can be written as
where φ u = cos((2u − 1)π/(2N p )), N p is the order of the Chebyshev polynomial [18] . Thus, the average PEP expression of this system can be obtained.
Substituting (10) and (16) into (17) yields (18), shown at the top of this page.
According to the union bound given in [19] , the average BER can be upper bounded by (19) , as shown at the top of this page.
Consequently, the closed-form expression of average BER for AF-CSM system over spatially correlated Rayleigh channels can be attained by plugging (18) into (19) . Moreover, it is worth noting that the theoretical BER expression is an upper bound of the average BER, which is quite tight particularly for high SNR, also is tight for lower order modulation and/or fewer number of transmit antennas. However, when the modulation order is higher and/or more transmit antennas are employed, the tightness of the upper bound in low and moderate SNR regions will be degraded, which will be testified by the simulations.
IV. ASYMPTOTIC BER ANALYSIS AND DIVERSITY GAIN
In this section, we will provide the asymptotic performance analysis of the AF-CSM system under high SNR, and derive the diversity gain of the system for performance evaluation. For large SNR, the MGF of γ sd can be rewritten as
In [17] , an approximate expression of the Bessel function
Thus, the CDF of γ srd can be approximated as
when SNR is very large,
in (16) is approximated as
Substituting (20) and (22) into (17), the approximated PEP expression is given by
Let P s = r 1 P t , P r = r 2 P t , where P t is total transmit power and, r 1 + r 2 = 1 r 1 , r 2 ∈ (0, 1), then we can define average SNR asγ = P t /N 0 . Thus, we have:γ sd = r 1γ ζ σ 2 sd ,γ sr = r 1γ ζ σ 2 sr ,γ rd = r 2γ σ 2 rd . Substituting these terms into (23), (23) can be rewritten as
Utilizing the equality
we can easily derive that
N r k=1
ξ k λ k = 0. Namely, by setting s = 0, the result is achieved. Based on this result, (24) can be further simplified as
Finally, the asymptotic BER is obtained by replacing PEP ((i, q) → (j, m)) in (19) with equation (25). With (25), the diversity gain can be derived as
From (26), it is clear that diversity gain of N r + 1 is achieved. Thus, the system performance can be increased as the number of the received antenna increases because of higher diversity gain.
V. POWER ALLOCATION SCHEME
Based on the asymptotic analysis in section IV, we will give the power allocation scheme design in this section. Namley, utilizing the obtained asymptotical approximate BER, a suboptimal PA scheme will be derived and the resultant PA coefficients with closed form is attained. It is shown that the proposed scheme will bring about obvious performance enhancement when compared with the conventional equal PA scheme. Using (25) and taking the first and second derivatives with respect to r 1 yields (27) and (28), as shown at the top of next page.
For simplicity of expression, denote =
According to the result in Appendix, we have:
According to the result above, it is easy to have:
lim 
, the coefficients r 1 and r 2 can be calculated as (32) and (33), shown at the top of next page. Hence, we obtain the closed-form expressions of PA coefficients. Based on this, a suboptimal PA scheme is presented considering asymptotic BER is employed. As a result, superior BER performance will be achieved when compared to the equal power scheme. Besides, for comparison, the optimal PA scheme will be provided in the following simulations as well, and for this scheme, we can use one dimension search method or the Matlab function ''fminbnd to find the optimal PA coefficients {r 1 } over the range [0,1] in terms of (18) and (19) by substituting P s = r 1 P t , P r = (1 − r 1 )P t into (18) and (19) .
VI. SIMULATION RESULTS
In this section, we will use the presented theoretical analysis and simulation results to assess the performance of the AF-CSM system over joint transmit-receive-correlated Rayleigh channel. In simulation, the number of antennas is set as N t = 2 or 4, N r = 2 or 3, the distances between different nodes are set as d sd : d sr : d rd = 1 : 0.5 : 0.5 in Fig.2-Fig.5 . N p in Eq. (17) is set equal to 5,and the path-loss exponent α = 3. BPSK, 4QAM, 8QAM, and 16QAM are adopted for modulations, the Gray mapping of bits to symbol and Monte-Carlo method are employed. The simulation results are illustrated in Figs.2-6 . Fig.2 gives the BER performance of AF-CSM system using different modulation modes, i.e., BPSK, 4QAM, 8QAM and 16QAM are employed for modulations, where the correlation VOLUME 7, 2019
coefficients ρ = ρ t = ρ r = 0.4, N r = 2. N t = 2 and N t = 4 are considered in Fig. 2(a) and Fig.2 (b) , respectively. It is shown in Fig.2 that all the curves of BER have the same diversity order of N r + 1 = 3. The figures indicate that the BER performance of the system with BPSK is optimal and the corresponding BER is the lowest. The BER of the system with 8QAM is higher than that with 4QAM. This is because the reduction of Euclidean distance will lead to the deterioration of BER performance. Due to the same reason, the BER of the system with 16QAM is higher than that with 8QAM, as expected. In addition, the BERs with N t = 2 are lower than that with N t = 4 because of the less effect of spatial correlation. Besides, the analytical BERs with N t = 2 are much tighter than that with N t = 4 in low SNR region. Moreover, when the number of transmit antennas is fixed, the gap between the theoretical BER and simulated ones will be smaller for a lower order modulation. In other words, as the modulation order and/or the number of transmit antennas increase, the gap between the theoretical BER and simulated one at low SNR increases accordingly. The results above accord with the theoretical analysis from (18) and (19) . Fig.3 depicts the BER performance of AF-CSM system with different correlation coefficients for N r = 2, where 4QAM and 16QAM are used for modulation. As shown in this figure, the average BER increases as the correlation coefficient ρ (ρ = ρ t = ρ r ) increases due to the effect of high correlation. Specifically, the system with ρ = 0.4 has higher BER than that with ρ = 0, and the system with ρ = 0.8 has higher BER than that with ρ = 0.4. Hence, when ρ = 0, no correlation happens, the system will achieve the best performance. Moreover, since higher order modulation is employed, the system performance with 16QAM is obviously worse than that with 4QAM, as expected. Besides, for different correlation coefficients, the theoretical BERs have the performance close to that of the corresponding simulated ones, especially for 4QAM, very close performance is attained. Furthermore, at high SNR, the theoretical BERs can match the corresponding simulated ones very well, which further indicates that the presented theoretical analysis is valid.
In Fig.4 , the BER of AF-CSM system via transmit (receive) correlation coefficient for N r = 2 is illustrated, where average SNR is set as 10dB and 20dB, respectively. 4QAM is employed for modulation. We consider three scenarios: (a) ρ t and ρ r increase simultaneously with ρ t = ρ r , (b) ρ r increases while ρ t is fixed (ρ t = 0.4), and (c) ρ t increases while ρ r is fixed (ρ r = 0.4). We plot the average BER curves with different correlation coefficients in each scenario. As seen from Fig.4 , when the correlation coefficients are small, the average BER almost remains unchanged. When the correlation coefficients reach about 0.3, the BER starts to increases with the increase of ρ r or ρ t . It can be observed that the curve under scenario (c) increases faster than that under scenario (b), which indicates that transmit correlation has a greater impact on the BER performance of the system than the receive correlation. The above results further show that the SM is more sensitive to the spatial correlation.
In Fig.5 , we illustrate the asymptotic BER and average BER of AF-CSM with different PA schemes for 4QAM and ρ = 0.4, where N r = 2 and N r = 3 are considered in Fig.5(a) and Fig.5(b), respectively. From Fig.5 , it is shown that the asymptotic BER curve is tight at high SNR, can match the corresponding simulations well at high SNR, which indicates the effectiveness of the derived asymptotical BER. Thus, it can effectively evaluate the asymptotic performance of AF-CSM system. Moreover, the system with the proposed PA scheme is obviously superior to that with equal PA scheme because the power is effectively allocated according to the channel information, and it is very close to that with optimal PA scheme (which is obtained by Matlab function ''fminbnd''). In other words, their differences are very small. The above result indicate the proposed PA scheme is also valid for increasing the BER performance. Besides, by comparing Fig.5(a) and Fig.5(b) , the system with N r = 3 has lower BER than that with N r = 2 for different PA schemes. This is because the former can achieve higher diversity gain than the latter.
In Fig.6 , considering variable position of the relay, we assess the corresponding BER performance under different SNRs. Namely, we plot the average BER versus the normalized distance between the source and the relay in Fig.6 , where the position of relay is varied, and the distance between the source and the destination is fixed. The equal power allocation scheme is adopted. The AF-CSM system employs 16QAM for N r = 2 and SNR=25dB, ρ = 0.4, 0.8. From  Fig.6 , it is found that average BER firstly decreases and then increases with the increase of d sr . When d sr is around 0.5, the lowest BER is achieved. This is because when the relay is very close to the source or the destination, the signal transferred by the relay suffers from the severe path loss for large d sr and d rd . Since the effective SNR of the S-R-D link depends on the qualities of both S-R link and R-D link, severe path loss suffered in either transmission link will degrade the overall BER performance of the AF-CSM system. When the relay locates at the middle of the source and destination, d sr and d rd are equal and relatively small. In this case, the indirect transmission link brings about higher performance gain. Besides, with the increase of the correlation coefficient ρ, the performance is becoming worse due to strong spatial correlation, as expected.
VII. CONCLUSION
We have investigated the performance of the cooperative SM system with AF relaying over joint transmit-receive correlated Rayleigh fading channels, and derived a closedform expression of average BER. To evaluate the asymptotic performance of the system for high SNR, an asymptotical approximated BER expression is also deduced. With this asymptotic expression, the diversity gain of the AF-CSM system is further derived. Moreover, a suboptimal PA scheme is VOLUME 7, 2019 developed by minimizing the asymptotical BER with the total power constraint, and closed-form PA coefficients are provided. Computer simulations indicate that the derived theoretical BERs are consistent with the corresponding simulations, and thus the system performance can be effectively evaluated. Moreover, the proposed suboptimal PA scheme outperforms the equal PA scheme since the power is well allocated in terms of the channel information. Besides, the impacts of correlation coefficients, modulation order and the number of receive antennas on the system performance are also analyzed. Weak correlation, and/or low order modulation and/or more receive antennas can obviously increase the system performance. The above results further show the effectiveness of the presented theoretical analysis and the proposed PA scheme.
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